ABSTRACT OBJECTIVES This study introduced and validated a novel flow-independent delayed enhancement technique that shows hyperenhanced myocardium while simultaneously suppressing blood-pool signal.
M yocardial infarction (MI) is the leading cause of congestive heart failure and death in the industrialized world. Detection of MI is essential, because even small infarcts are associated with worse prognosis (1) , and there are proven therapies that can improve outcome.
Even when the diagnosis of MI is known, assessment of the size, location, and transmural extent of infarction is important for patient management decisions, such as whether to undergo coronary revascularization, resynchronization therapy, or cardioverter-defibrillator insertion (2) . such that blood magnetization is less than tissue.
Because the magnetization of blood (M z ) is made more negative than normal myocardium (i.e., blood M z < myocardial M z ; aka, black-blood condition), phase-sensitive reconstruction renders blood in the cardiac chambers darker than myocardium by remapping the magnetization to positive-only values.
As a result, a precise TI is not needed to make the blood black, rather, a range of TIs can be used, as long as the magnetization of blood is more negative than that of myocardium ( Figure 1 ).
PILOT STUDY. Theoretically, any pulse that affects the magnetization of myocardium differently than blood can be used as the initial preparatory module (8) . We chose a magnetization transfer (MT) module and performed a pilot study prior to the main investigation in a canine model. The pilot study involved 2 parts: first, empirical data were acquired in vivo to characterize the effects of the MT preparation (MT-PREP) module on the magnetization of normal myocardium, infarcted myocardium, and blood-pool;
and second, the data from these in vivo experiments were used to simulate the effects of TI on the signal intensity of these tissues.
For the pilot in vivo experiments, the animal preparation was the same as that for the main study Simulations were then performed using Matlab software (MathWorks, Natick, Massachusetts). The effects of readout pulses, diffusion, and imperfections in the inversion pulse were assumed to be negligible. Longitudinal magnetization following the MT-PREP and IR pulse for a given tissue species (a) as a function of time (t) was expressed as: 
Dark-Blood Delayed Enhancement CMR -2 0 1 7 : ---blood, respectively, were used assuming typical conditions for delayed enhancement imaging at 3-T Measurements were performed at our core laboratory, which undergoes regular audits and testing for quality assurance (e.g., inter-and intraobserver agreement of infarct size demonstrated a bias of 1.0%
and À0.1%, respectively, with a standard deviation of differences of 2.6% and 0.8%, respectively).
PATIENTS. Patients presenting with a history of MI were recruited prospectively. The diagnosis of MI was based on the Universal Definition. Patients <18 years of age or with a history of multiple infarcts were excluded. Consecutive patients who underwent coronary angiography during admission for MI in whom the culprit infarct-related artery was clearly identified and who agreed to participate were enrolled. The control group consisted of subjects with no known coronary disease and with low probability for developing disease over the next 10 years (lowest Framingham risk score: 1% for women, 2% for men) (15).
All participants gave written informed consent, which was approved by the Duke University Institutional
Review Board.
The CMR protocol was the same as that in the canine study, and the same sequences were used at similar settings. However, to test the generalizability of FIDDLE, one-half of the patients were scanned at 3-T and one half at 1.5-T. FIDDLE and DE-CMR were performed using matched parameters (at 3-T the slice thickness was 6 mm; in-plane spatial resolution: 1.7 Â Figure 2A) . However, the effect was substantially increased for myocardium compared with that for blood. Differences between normal and infarcted myocardium were negligible.
These data were then used to model the signal behavior of FIDDLE ( Figure 2B ). These simulations showed 1) blood-pool signal is nulled (i.e., blackblood condition is met) over a wide range of MT-PREP train lengths and TIs ( Figure 2B , red arrows);
2) infarct signal was high over a wide range, leading to large differences in signal between infarcted myocardium and blood; and 3) when blood-pool signal was nulled, longer TIs led to increased signal differences between normal and infarcted myocardium.
CANINES. The performance of FIDDLE was assessed in 22 canines. Data from all canines surviving surgery were included. Examples of in vivo CMR are shown in Figure 3A . In subjects 1 to 3, On a per-subject basis, infarct size by FIDDLE (r ¼ 0.99) and DE-CMR (r ¼ 0.98) were highly correlated with infarct size by pathology ( Figure 4A) .
Bland-Altman analyses demonstrated that the level of agreement was high for both comparisons with pathology ( Figure 4B ). However, DE-CMR showed a small but significant bias (À1.1%; p ¼ 0.001), whereas, FIDDLE showed no bias (À0.01%; p ¼ 0.38).
Additionally, 95% limits-of-agreement were larger for DE-CMR (À3.9%, 1.6%) compared with FIDDLE (À1.1%, 0.9%). 
Dark-Blood Delayed Enhancement CMR -2 0 1 7 : ---Overall, the diagnostic performance in patients was similar to that observed in canines (Table 1) , and there were no differences between the findings at 3-T (n ¼ 15) and those at 1.5-T (n ¼ 16). Accuracy was higher for FIDDLE than DE-CMR (100% vs. 84%, respectively). Also, there were trends toward higher sensitivity (100% vs. 85%, respectively) and higher specificity (100% vs. 82%, respectively).
The CNR between infarct and normal myocardium was measured in 11 additional patients, all of whom had a clearly identifiable infarct on DE-CMR. At 
Infarcts clearly delineated on DE-CMR and FIDDLE Infarct borders difficult to discern on DE-CMR

FIDDLE
Pathology
DE-CMR BASE APEX
FIDDLE Pathology
Matched DE-CMR and FIDDLE images in 5 subjects (A) and multiple short-axis images in 1 subject (B). The blue arrows point to the infarcted myocardium on the pathology images and the corresponding regions of infarction on DE-CMR and FIDDLE. See text for details. Abbreviations as in Figure 1 .
Kim et al. Values n/total; % (95% CI).
DE-CMR ¼ delayed enhancement cardiac magnetic resonance; FIDDLE ¼ flow-independent dark-blood delayed enhancement.
Kim et al.
Dark-Blood Delayed Enhancement CMR -2 0 1 7 : ---In canines, sensitivity and accuracy were significantly higher for FIDDLE, whereas specificity was excellent for both techniques. Findings were similar in patients, where FIDDLE had a diagnostic accuracy of 100% versus 84% for DE-CMR. described a method that used a dual IR prepulse to suppress blood-pool signal. Although contrast between infarcted myocardium and blood-pool may be improved with these techniques, the level of blood suppression may be minimal. Unlike FIDDLE, none of these methods produced black-blood images. Specifically, these methods resulted in images in which blood-pool signal was higher than viable myocardium, hence, an endocardial layer that is partially infarcted may still be difficult to distinguish from blood-pool.
FIDDLE was designed to be flexible and modular in order to accommodate different preparation pulses, execution orders, and readout types. Since its first description by our group in 2011 (6) , some pilot studies with variants of FIDDLE have been reported (8, 16, 20 were no issues with exceeding SAR constraints in any of the patients scanned at 1.5-T or 3-T. Kim et al.
Dark-Blood Delayed Enhancement CMR Additionally, setting the TI for FIDDLE is straightforward. One examines the image intensity of the blood-pool: if the blood-pool is not black, the TI needs to be reduced; whereas, if the blood-pool is black then the TI should be increased to the maximum value that still results in black-blood.
Generally, 1 to 2 scout images are sufficient to find the optimal TI, but nonetheless, this is a limitation that can lengthen scan time. Given its diagnostic performance and ease of use, FIDDLE has become a core component of our clinical CMR examination, and we are currently using it daily at both 1.5-and 3-T.
There are several implications of our study. Our data suggest that, even in the modern era, the imag- 
